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Steroidogenic factor 1 (SF-1) plays an essential role in adrenal development, although the exact molecular
mechanisms are unclear. Our previous work established that Fflb is the zebra fish homologue of SF-1 and that
its disruption by antisense morpholinos leads to a complete ablation of the interrenal organ. In this study,
results of biochemical analyses suggest that Ff1b and other Ffl members interact with Prox1, a homeodomain
protein. Fine mapping using site-directed mutants showed that this interaction requires an intact Ffl1b heptad
9 and AF2, as well as Prox1 NR Box L. In vivo, this physical interaction led to the inhibition of Ffl-mediated
transactivation of pLuc3XFRE, indicating that Prox1 acts to repress the transcriptional activity of Ffl1b. In situ
hybridization demonstrates that prox1 colocalizes with fla and ff1b in the liver and interrenal primordia,
respectively. Embryos microinjected with proxI morpholino displayed a consistent partial reduction of 33-Hsd
activity in the interrenal organ, while f1b morpholino led to a disappearance of prox1. Based on these results,
we propose that during the course of interrenal organogenesis, Prox1 functions as a tissue-specific coregulator
of Ff1b and that the subsequent inhibition of Fflb activity, after its initial roles in the specification of interrenal

primordium, is critical for the maturation of the interrenal organ.

Molecular and genetic evidence from experiments with
mammals suggests that steroidogenic factor 1 (SF-1), dosage-
sensitive sex reversal-adrenal hypoplasia congenita critical re-
gion on the X-chromosome gene 1 (DAX-1), and Wilms’ tumor
1 (WT-1) are absolutely required for the development of the
adrenal cortex (32, 52, 53). They are expressed in the fetal
adrenal at the earliest stages and appear to act in a concerted
manner, probably by activating common development path-
ways to direct normal adrenal development (32, 53). SF-1, an
orphan nuclear receptor (NR) with no known ligand, is ex-
pressed in the earliest precursors of the adrenal gland, the
adrenogonadal progenitor cells (25, 32), and SF-1~/~ knockout
mice lack the adrenal gland (42, 59, 66). As a key regulator of
adrenal development, it regulates the transcription of a num-
ber of genes involved in gonadal and adrenal development,
including DAX-1 and MIS, and many of the enzymes involved
in the steroidogenic pathway (25, 30, 47, 53, 64).

WT-1 encodes a Kruppel-type zinc finger transcription factor
(7, 16), and mutations of this gene in humans lead to congen-
ital abnormalities of urogenital development (21). Experi-
ments with knockout mice confirmed the importance of W7-1,
which is expressed only in the adrenogonadal precursors but
not in the fetal adrenal, since mice homozygous for a null allele
lacked kidneys, gonads, and adrenals (35, 45). DAX-1 encodes
a highly divergent orphan nuclear receptor (82). Although
knockout mice lacking DAX-1 do not exhibit adrenocortical
deficiency and show apparently normal development of the
adrenal cortex, the expression of Cypl1A41 in the zona fascicu-
lata is reduced (81). In contrast, the loss of DAX-1 functions in
humans has much more severe effects on adrenal development,
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causing primary adrenocortical insufficiency and the absence of
adult zones in the adrenal cortex (6, 46, 82). Both WT-1 and
DAX-1 can be recruited by SF-1 to modulate its transcriptional
activity (12, 47). Indeed, the antagonistic effects of DAX-1 and
WT-1 on SF-1 are necessary to determine the sex-specific ex-
pression of Mullerian-inhibiting substance (49). Despite their
developmental significance, we do not know if physical inter-
actions with DAX-1 and WT-1 are necessary for the roles of
SF-1 in adrenal development. The importance of DAX-1,
which is tightly coexpressed with SF-1 in the fetal and adult
adrenal, in the regulation of steroidogenic enzymes is well
documented (3, 31, 32, 53, 70).

Although the vast majority of NRs and their coregulators are
expressed ubiquitously (2, 18, 57), it has been postulated that
coregulators might be able to determine the tissue- and pro-
moter-specific responses exerted by NRs (43). Only a few NR
coregulators display a tissue- or cell-specific expression pat-
tern. In Drosophila, the formation of segmentation requires the
widely expressed fushi tarazu factor 1B (Ftz-F1B) to act as a
coactivator for Ftz, whose expression is restricted to the even
stripes (22, 63, 69, 80). Hairless is expressed in hair follicles and
skin, and mutation of this gene leads to a hairless phenotype in
mice and humans (1, 54). Recently, Hairless has been charac-
terized as a corepressor for thyroid hormone receptor (TR),
which is widely expressed (56). These indicate that ubiqui-
tously expressed NRs could mediate tissue-specific functions
through interacting partners that have restricted expression
patterns. For SF-1, modulation by coregulators such as DAX-
1, WT-1, GATAA4, and Ptx1 appears to be sufficient to achieve
promoter specificity in the endocrine tissues (53, 72, 73).

In mammals, although SF-1 is essential for adrenal cortex
development, the mechanisms by which it plays its essential
roles are not known, although its modulation by DAX-1 is
important for the transcriptional regulation of steroidogenic
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enzymes (3, 32, 53). Our previous work has established that
Ff1b (officially designated as NR5a4 by the Nuclear Receptors
Nomenclature Committee) is the earliest known molecular
marker for the zebra fish interrenal organ (8). Fflb plays an
essential role in the initiation of the interrenal primordium and
its subsequent development and acquisition of steroidogenic
capacity (9). Besides ff1b, two other ff1 genes, ffla (41) and ffic
(X. Jun and W. K. Chan, unpublished data), have been iden-
tified in zebra fish. Both the DNA binding domain (DBD) and
ligand binding domain (LBD) are highly conserved for all
three zebra fish ff7 genes, and they transactivate the promoter
containing a consensus SF-1 responsive element (FRE). While
ffla is the homologue of mammalian liver receptor homologue
1 (LRH-1), ffic is basal to both the SF-1 and LRH clades. Only
ffla (40, 41) and f1b (8, 9) are expressed during early embry-
onic development, with ffla showing a broad tissue expression
pattern (40, 41) while ff1b6 has a more restricted expression
profile and is expressed only in the hypothalamus, interrenal
gland, and gonads. ffic is expressed only after the completion
of embryonic development, predominantly in the intestine,
liver, ovary, muscle, and heart.

In this study, we investigated whether Prox1, a prospero-
related homeodomain protein, which is colocalized with Fflb
in the interrenal primordium, could interact with and modulate
the transcriptional activity of Fflb. We report here that ze-
brafish Prox1 could repress the transcriptional activity of Fflb,
which is unlike the coactivator role that we have described
previously for Prox1 with respect to TRs (15). This led us to
carry out further analyses using antisense morpholinos. The
antisense proxI morpholino reduces the size of the interrenal
organ as revealed by A®-3B-hydroxysteroid hydrogenase (3p-
Hsd) enzymatic activity and ff/b expression, while the ffIb
morpholino restricts the expression domain of proxl. Taken
together, it appears that Prox1 functions as a tissue-specific
coregulator of Fflb and that the formation of an SF-1/Prox1
complex is crucial for interrenal development.

MATERIALS AND METHODS

Yeast two-hybrid assay. pLexA-Ffla, pLexA-Fflb, and pLexA-Fflc were con-
structed by subcloning PCR fragments, containing the entire open reading
frames (ORFs), into pLexA (Clontech) with EcoRI and Xhol. PCR fragments
were obtained using Pfu Turbo polymerase (Stratagene). Mutations of the hep-
tad 9 and AF2 domains of zebra fish Ffls were carried out using the QuikChange
XL site-directed mutagenesis kit as specified by the manufacturer (Stratagene).
The zebrafish pB42AD-Prox1 NR box mutants have been previously reported
(15). The EGY48 yeast strain was transformed with various pLexA-Ffl and
pB42AD-Prox1 constructs sequentially, plated onto selective medium, and incu-
bated for 3 to 5 days at 30°C. Five independent yeast clones were selected for
each set of transformation and grown overnight in selective medium. The yeast
cells were transferred to inductive medium the next morning and cultured for 6 h
at 30°C, until the optical density at 600 nm reached 0.5 to 0.8. Cell extracts were
prepared using three freeze-thaw cycles. The B-galactosidase activity that re-
sulted from the interaction of the pLexA-Ffl and pB42AD-Prox1 was measured
by using the quantitative liquid assay, with o-nitrophenyl-B-p-galactopyranoside
(ONPG) as the substrate and expressed in Miller units (42). Each experiment
was repeated at least twice, and the results obtained were reproducible. Only
data from a single experiment were presented as the mean (+ standard error of
the mean [SEM]) of five replicates.

Zebra fish maintenance and mutant lines. Zebra fish (Danio rerio) were raised
by standard methods (75). Embryos were obtained by natural spawning and
cultured in embryo medium at 28.5°C. The embryos were staged as previously
described (33). Embryos to be used for histological analyses were treated with
0.03% phenylthiourea (Sigma) from 16 h postfertilization (hpf) to inhibit mela-
nin pigment formation. Homozygous mutant embryos were obtained from mat-
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ing using fish heterozygous for the no tail (nti®'®°) (23), floating head (flhi™**!)
(49), and one-eyed pinhead (oep™'3*) (60) alleles, respectively.

Microinjection of mRNAs and coimmunoprecipitation. The ORF of zebra fish
prox] was cloned into pCMV-Tag2, while those of ff1a, ff1b, and ffIc were cloned
into pCMV-Tag3 (Stratagene). The cloning strategy added a FLAG and c-myc
tag to Proxl and the Ffls, respectively. These constructs were then used as
templates for mRNA synthesis. FLAG-tagged proxI and c-myc-tagged ffI capped
mRNAs were prepared from the linearized pCMV-Tag expression plasmids by
using the mCAP mRNA capping kit (Stratagene). Capped mRNA of FLAG-
tagged proxI (1.2 ng) alone, or with an equal molar ratio of the various c-myc-
tagged ff1 genes were injected into embryos at the one- to two-cell stage. Injected
embryos (n = 100) were deyolked at 16 h p.f. and homogenized in 200 pl of
ice-cold IP buffer (1% Triton X-100 in phosphate-buffered saline (PBS) supple-
mented with complete protease inhibitor mixture [Roche]). Extracts were incu-
bated at 4°C for 1 h and centrifuged at 12,000 X g for 10 min. The soluble protein
supernatants were recovered, biotinylated with biotin-7-NHS (Roche), and sub-
sequently incubated with anti-FLAG M2-agarose affinity gel (Sigma) at 4°C for
9 h. One-tenth of each protein supernatant after inmunoprecipitation was saved
to verify that the labeled proteins were present in equal amounts. The FLAG
beads were washed three times with ice-cold IP buffer. Immunoprecipitates,
equivalent to 33 injected zebra fish embryos, were fractionated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by
Western blotting.

Plasmid microinjection and transactivation assay. The ORFs of mouse SF-/
and zebra fish proxl, prox]-NR1m2m3m, ff1a, fIb, and ffIc were cloned into
pcDNA3.1(+) (Invitrogen). One- or two-cell embryos were injected with 4.6 nl
of solution containing 0.5 pg of pcDNA3.1-Prox1 expression plasmid per pl, 0.1
g of the respective pcDNA3.1-Ff1 expression plasmids per pl, and 50 ng of
luciferase reporter plasmid, pLuc3XFRE, per pl in 1X Danieau buffer contain-
ing 0.25% phenol red. The Renilla luciferase plasmid, pRL-CMV (5 ng/pl), was
also included to allow the normalization of firefly luciferase activity. After 14 h,
healthy embryos were harvested for luciferase assays. For each sample, five
embryos were homogenized by repeated pipetting in 20 wl of 1X passive lysis
buffer provided with the Dual Luciferase reporter assay system (Promega).
Luciferase activity in 20 pl of homogenate was assayed using a Lumat LB9507
luminometer (Berthold).

Electrophoretic mobility shift assay. A nonradioactive electrophoretic mobil-
ity shift assay was carried out using the digoxigenin (DIG) gel shift kit (Roche).
Oligonucleotides containing the monomeric SF-1-responsive element (5'-CAC
AGGGCACTGTCCCCCAAGGTCAATGATATCGCGGGAA-3') are gener-
ated by annealing complementary oligonucleotides and end labeled with digoxi-
genin.

In vitro-translated proteins of mouse SF-1 and zebra fish Prox1, Ffla, Fflb,
and Fflc were prepared from the respective pcDNA3.1(+) constructs using the
TNT coupled reticulocyte lysate system (Promega). The translated proteins were
biotinylated by adding Transcend tRNA (Promega) to the coupled transcription-
translation reaction mixtures, and the proteins were verified by chemilumines-
cence before the electrophoretic mobility shift assay was performed.

For the binding reaction, 8 pl of the translated mixture was mixed with 4 wl of
5X binding buffer [100 mM HEPES (pH 7.6), 5 mM EDTA, 50 mM (NH,),SO,,
5 mM dithiothreitol DTT, Tween 20, 1% (wt/vol), 150 mM KCl], 1 pl of 1-mg/ml
poly(dI-dC), 1 pl of 1-mg/ml poly-L-lysine, and 1 wl of labeled probe in the
presence or absence of unlabeled competitor, and double-distilled water was
added to a total volume of 20 pl. The mixture was incubated for 30 min at 20°C.
The reaction products were electrophoresed on 8% polyacrylamide gel in 0.5X
Tris-bovate-EDTA (TBE), transferred onto a nylon membrane by electroblot-
ting, and UV cross-linked. Chemiluminescence was performed to detect the
DIG-labeled bands.

‘Whole-mount in situ hybridization and cryostat sectioning. Whole-mount in
situ hybridization was performed as described previously with minor modifica-
tions (8). DIG-labeled riboprobes were synthesized from SacII-linearized proxI
plasmid using SP6 RNA polymerase. Fluorescein-labeled riboprobes were syn-
thesized from plasmids containing ff1b, ffla, and proinsulin cDNAs. Plasmids for
ff1b and ff1a were linearized with Sall and transcribed with T7 RNA polymerase.
The proinsulin plasmid was linearized with Sphl and transcribed with SP6 RNA
polymerase. DIG-labeled riboprobes were detected with alkaline phosphatase-
conjugated anti-DIG antibody (Roche), while fluorescein-labeled probes were de-
tected with alkaline phosphatase-conjugated antifluorescein antibody (Roche).
Visualization was performed either with nitroblue tetrazolium/5-bromo-4-
chloro-3-indolylphosphate (NBT/BCIP) (Promega) or with Fast Red (Roche).
For two-color in situ hybridization, the first antibody was inactivated by heating
the stained embryos at 65°C for 30 min. Stained embryos were postfixed in 4%
paraformaldehyde (PFA) in PBS and washed in PBS supplemented with 1%
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Triton X-100 (PBST). This was followed by tissue clarification in 50% glycerol in
PBS.

Cryostat sectioning was performed essentially as described previously (75).
Sections 10 wm thick were collected on a CM1900 cryostat (Leica). Specimens
prepared by either whole-mount in situ hybridization or cryostat sectioning were
mounted on glass slides and photographed under Normaski optics on an Olym-
pus AX710 microscope system.

Chromogenic histochemical staining for 38-Hsd. Histochemical staining for
3B-Hsd was performed on whole embryos by using a protocol adapted from
Levy’s method as previously described (19). Embryos were fixed overnight at 4°C
in 4% PFA-PBS and washed twice with PBST. Chromogenic reaction was car-
ried out at 37°C for 3 h in staining solution containing 0.1 mg of etiocholan-33-
01-17-one per ml as the substrate, 0.2 mg of NAD per ml, 0.1 mg of nicotinamide
per ml, and 0.1 mg of of nitroblue tetrazolium (Promega) per ml, in PBST.
Staining reactions were terminated by washing in PBST followed by fixing in 4%
PFA-PBS. Chemicals were from Sigma unless otherwise stated.

Microinjection of MO. Morpholino oligonucleotides (MO) were synthesized
at Genetools LLC. A 2 mM stock solution was prepared by dissolving lyophilized
MO powder in 1x Danieau solution before further dilution into the required
concentrations for microinjection. The nucleotide sequences of the proxIMO,
FIbMO, iaffIbMO, and STDMO are 5'-ATGTGCTGTCATGGTCAGGCATC
AC-3" (58), 5'-AATCCTCATCTGCTCTGAAGTCCAT-3', 5'-TACCTGAAG
TCTCGTCTACTCCTAA-3’, and 5'-CCTCTTACCTCAGTTACAATTTATA-
3’, respectively. MO-containing solutions (~4.6 nl) were injected into one-cell
stage embryos by using a Nanoject injector (Drummond).

Generation of Prox1 antiserum and Western blotting. Western analysis for
immunoprecipitates or for total proteins extracted from embryos was performed
as described in The Zebrafish Book (75). After fractionation by SDS-PAGE and
electrotransfer onto a nitrocellulose membrane, biotinylated proteins were de-
tected with horseradish peroxidase-conjugated antibiotin antibody (Pierce),
while FLAG-tagged and c-myc-tagged proteins were detected with anti-FLAG
M2 (Sigma) and anti-c-myc (Roche) monoclonal antibodies, respectively. Poly-
clonal antibodies were raised in rabbit, against the entire homeodomain (amino
acids 583 to 638) of zebra fish Prox1 (15) (BioSource/QCB). Antibodies were
partially purified from the immune sera by using protein A affinity columns.

RESULTS

Prox1 physically interacts with Ffl isoforms. We have pre-
viously identified Prox1, a divergent homeobox protein, as a
novel coactivator of TRs and retinoic acid receptors (RARs)
(15). To assess if Prox1 also interacts with zebra fish Ffls, the
ORF of ff1a, ff1b, and ff1c were inserted into pLexA and tested
for their ability to interact with Prox1 in yeast (Fig. 1A). Of the
three Ffls, Fflb displayed the strongest physical interaction
with Prox1, although there was a considerable level of back-
ground B-galactosidase activity due to an autonomous activa-
tion domain within Fflb. The interaction strength of Proxl
with Ffla and Fflc was about 15 and 28%, respectively, com-
pared to that with Fflb.

To confirm that Prox1 interacts with Ffl proteins in vivo,
we used a coimmunoprecipitation assay. Capped mRNAs of
FLAG-tagged proxI were microinjected into zebra fish em-
bryos alone or with c-myc-tagged ffla, ff1b, or fflc mRNAs. At
16 h p.f., protein extracts were prepared from the microin-
jected embryos, biotinylated, and used for immunoprecipita-
tion with anti-FLAG agarose matrix (Fig. 1B). When Prox1
was immunoprecipitated from embryos that were coinjected
with ffI mRNAs, an additional band of biotinylated protein
corresponding to the Ffl proteins was detected. Anti-FLAG
and anti-c-myc antibodies were used to verify the FLAG-
tagged-Prox1 and c-myc-tagged Ffl isoforms in the immuno-
precipitation complex. We confirmed that Ffl proteins could
be detected by anti-c-myc antibody only in embryos coinjected
with FLAG-tagged proxI and c-myc-tagged ffI mRNAs but not
in those that were uninjected or injected with FLAG-tagged prox1
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FIG. 1. Proxl1 interacts with various Ff1 isoforms in yeast and zebra
fish embryos. (A) Interaction of Ffl proteins with Prox1 in a yeast
two-hybrid assay. B-Galactosidase (B-Gal) activities were calculated
based on duplicate measurements of five independent yeast transfor-
mants. Note that Ff1b has an autonomous activation domain. (B) Ffl
proteins coimmunoprecipitate with Prox1. Capped mRNAs of FLAG-
tagged Prox1 alone, or in combination with c-myc-tagged Ffla, Fflb,
or Fflc, were injected into zebra fish embryos at the one- or two-cell
stage. The injected embryos were harvested at 16 hpf, and extracted
proteins were biotinylated. The lysates were subjected to immunopre-
cipitation with anti-FLAG agarose beads. The immunoprecipitates
were analyzed by Western blotting, and the specific protein bands were
detected with streptavidin, FLAG-specific antibody, or c-myc-specific
antibody.

alone. Thus, in the presence of coexpressed Ffl and Prox1, they
coimmunoprecipitated, indicating that they associated in vivo.

LXXLL motifs of Prox1 are required for interaction with Ff1
isoforms. The mutation of the LXXLL motifs to LXXAA has
been reported to abolish NR interaction function (28). The
presence of functional LXXLL motifs in Prox1 (Fig. 2A) has
been investigated previously in the context of its interaction
ability with TRs (15). Seven zebra fish Prox]1 NR box site-
directed mutants, in which the three NR boxes were mutated
individually or in various combinations, were examined for
their ability to interact with the Ff1 proteins in yeast (Fig. 2B).
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FIG. 2. Ffl proteins interact with Prox1 through LXXLL motifs.
(A) Schematic representation of Prox1 functional domains, including
the three putative NR box motif sequences. The LXXLL and IXXLL
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As expected, when all three NR boxes were mutated (Proxl-
NR1m2m3m), the ability of Prox1 to interact with Ffl proteins
was completely abolished. Single Prox1 NR box II and III
mutants did not lose their ability to interact with Ffl isoforms.
Indeed, the Prox1 NR box II mutant consistently enhanced the
interaction of Prox1 with Ffl proteins. Double Prox1 mutants
that carried a mutated NR box III also behaved identically in
their interaction with all three Ffl proteins compared to the
respective single mutants (NR2m versus NR2m3m; NR1m ver-
sus NR1m3m). The results confirm the noninvolvement of the
Prox1 NR box III, as previously established for TRal and
TRB1 (15). However, when NR box I was mutated, Proxl
interaction ability with Ffls was reduced, and if NR box II was
also mutated (NR1m2m), the ability of Prox1 to interact was
further reduced, especially for Ffla and Fflc.

In conclusion, we have shown that the NR boxes are in-
volved in the interaction between Prox1 and Ffls. The results
suggest that NR box I is the primary LXXLL motif employed
by Proxl in its interaction with Ffls. However, NR box II
(ISQLL) is also able to function as a secondary interaction site
when NR box I is inactivated by mutation. It is also quite
probable that amino acid residues surrounding NR box I and II
are also important. Since the LRKLL motif is located in the
second « helix, which is just 19 amino acids upstream of the
ISQLL motif, what we have observed might be a reflection of
this requirement.

Ff1 heptad 9 and AF2 core domains are essential for inter-
action with Prox1. Within the LBD of zebra fish Ffls, there are
two highly conserved domains, the heptad 9 and AF2 domains
(Fig. 3A). AF2 determines the major activation function of the
Ffl proteins, while heptad 9 is required for AF2 activity in
zebra fish Ffla (38, 39, 41, 63). Also, AF2 of mouse SF-1 and
heptad 9 of zebra fish Ffla are required for interaction with
SRC-1, and AF2 of Drosophila Ftz-F1 is essential for interac-
tion with Ftz (10, 41, 63). To understand if leucine residues
within heptad 9 and AF2 of Ffl proteins are essential for
interactions with Prox1, site-directed mutagenesis was carried
out for Ffla, Fflb, and Fflc. Two heptad 9 mutants and one
AF2 mutant were constructed (Fig. 3A). The heptad 9A mu-
tants carried LL-to-AA mutations for Ffla and Fflc and LI-
to-AA mutations for Fflb, while the heptad 9B mutants car-
ried LP-to-AA mutations. In the AF2 mutants, the first two
leucine residues were changed to alanine residues.

These site-directed Ff1 mutants were tested for interactions
with Prox1 in yeast (Fig. 3B). All Fflb heptad 9 and AF2
mutants had completely lost their ability to interact with Prox1.
In contrast, some heptad 9A and AF2 mutants of Ffla and
Fflc were still able to interact with Prox1. Ffla-heptad 9A was
unable to interact with Prox1, while Fflc-heptad 9A showed a

motifs were mutagenized to (I/L)XXAA to generate seven full-length
Prox1 NR box site-directed mutants. (B) The NR boxes of zebra fish
Prox1 show differential interaction abilities with Ffl proteins. Seven
Prox1 NR box site-directed mutants were tested for their ability to
interact with Ffla, Fflb, and Fflc in yeast. The results are presented as
mean and SEM (n = 5). NR1m, NR2m, and NR3m are single NR box
mutants at the first, second, and third NR box, respectively. NR1m2m,
NR1m3m, NR2m3m, are double NR box mutants, while NR1m2m3m
is the triple NR box mutant.
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FIG. 3. The heptad 9 and AF2 domains of Ffl proteins are required for interaction with Prox1. (A) Mutations of Ffl proteins at hepted 9 and
AF?2 were generated by site-directed mutagenesis. hep9A and hep9B are heptad 9 site-directed mutants with either LL or LP replaced by AA.
(B) Interaction of Prox1 with the hep9A, hep9B, and AF2 mutants of the three Ffl proteins in yeast. The results are from one representative

experiment (n = 3) and presented as mean and SEM (n = 5).

>80% reduction in interaction strength. For AF2 mutants, the
reduction of Prox1 interaction activity was smaller for Ffla
(50%) than for Fflc (96%). For the heptad 9B mutants, while
the hydrophobic LP residues were absolutely essential for
Fflb, their mutation to AA for Ffla or Fflc did not seem to
affect their interaction with Prox1. Our results suggest that only
Ff1b has an absolute requirement for both heptad 9 and AF2
domains in its interaction with Prox1 and that their cooperative
effects may account for the strong interaction between Prox1
and Fflb. The differential effects of the heptad 9A and AF2
mutants on the interaction of the Ffl proteins with Prox1 are
very intriguing, although we cannot provide a good biological
explanation.

Prox1 is a corepressor of Ffls in zebra fish embryos. To
understand if the physical interaction between Prox1 and Ffl
would modify the transcriptional activity of Ffl proteins, we
tested the ability of Prox1 to modulate Ffl-mediated transcrip-
tional activation. Since ffI genes and proxI are not expressed
maternally and the zygotic expression of ff1 genes initiates only
after the 10-somite stage, zebra fish embryos provide a good in
vivo context for evaluating the effects of Prox1l on Ffl tran-
scriptional activities. Zebra fish ff7 and mouse Sf-1 expression

plasmids were microinjected into zebra fish embryos together
with proxl expression plasmid and pLuc3xFRE reporter (Fig.
4A). Although mouse Sf-1 and zebra fish Ff1 proteins activated
the pLuc3xFRE reporter differentially, the repressing ability
of Prox1 was consistent, affecting Fflb transcriptional activ-
ity most severely (94.5% inhibition), followed by that of Fflc
(93.5%) and finally those of Ffla (72.7%) and mouse Sf-1
(67.6%).

Coinjections of zebra fish ffI and mouse Sf-I expression
plasmids with the mutant prox1-NR1m2m3m construct were
also performed to examine whether the physical interaction
mediated by the NR boxes was essential for the repression.
In contrast to wild-type Proxl, the coexpression of Proxl-
NR1m2m3m did not lead to similar repression of Ffl transac-
tivation activities, implicating that physical interaction is re-
quired for Prox1 to repress Ffl activities. It is noteworthy that
although the Prox1-NR1m2m3m mutant is presumably unable
to interact with Fflb, it is still capable of repressing Fflb
transcriptional activity.

An electromobility shift assay was performed to rule out the
possibility that the repression of Ffl transcriptional activity by
Prox1 was due to a competition for FRE binding (Fig. 4B).



7248 LIU ET AL.

A

3xFRE
- —

i

Normalized luciferase activity
T

Ol"il_iﬂ ARk ks
PCDNA + = = 4+ = = + = = 4 = = 4 = =
Prox1 = 4+ = = 4+ = = 4+ = = 4+ = = 4 =

NR1IM2m3m = = 4 = = 4 = = 4 = = 4 = = 4+
1 1L 1L 1L 1 ]

pcDNA mSF1 Ffla Ffib Ffic
B
mSF1 Ffla Ffib Ffic Proxi
FRE 1 _ +I 1 _ +I 1 _ +I 1 _ +I i
' b @ ' ;
b
%

4

™ o o

A LI ALY
L.

FIG. 4. Proxl represses Ffl-mediated transactivation in zebra fish
embryos. (A) Embryos at the one- to two-cell stage were injected with
the pLuc3xFRE reporter and different combinations of Ffl and Prox1
expression vectors. pPRL-CMV was included as a normalization control
for firefly luciferase activity. Embryos (n = 5) were harvested at 14 hpf,
and dual-luciferase assays were performed. The normalized luciferase
activity was calculated from three experiments. (B) Electrophoretic
mobility shift assay for zebra fish Ffl proteins and Proxl, using a
consensus FRE. In vitro-translated zebra fish Ffla, Fflb, Fflc, and
Prox1 and mouse SF-1 were allowed to bind DIG-labeled oligonucle-
otides carrying a consensus FRE. All zebra fish Ff1 proteins and mouse
SF-1 bound FRE, but no binding was observed for zebra fish Proxl.
Unlabeled FRE oligonucleotides (25-fold excess) were used as com-
petitors to examine the specificity of the protein-FRE binding. The
FRE-Ff1l complexes are denoted by an asterisk.

SF-1 is known to bind FRE as a monomer to activate tran-
scription (74, 79). The ability of zebra fish Ffla, Fflb, and Fflc
to recognize and bind a consensus FRE has been previously
shown (C. Chai and W. K. Chan, unpublished data). The zebra
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fish ffla, ff1b, ff1c, and proxl and the mouse Sf-I mRNAs were
transcribed in vitro and translated. Equal amounts of in vitro
translation reaction mixture were incubated with DIG-labeled
FRE oligonucleotides, and the formation of protein-DNA
complexes was analyzed on a 8% polyacrylamide gel. All the
Ff1 and Sf1 proteins formed gel-retarded complexes with FRE,
which could be competed efficiently (80%) by unlabeled FREs
at a molar excess of 25-fold, indicating that the Ffl proteins
binding to FRE were specific. Prox1, however, failed to form
stable complexes with FRE, ruling out the possibility that
Prox1 could compete with Ff1 proteins for binding to FRE. We
conclude that the repression of Ffl transcriptional activity by
Prox1 does not result from the competition for FRE but is
mediated through physical interactions and is also likely to be
independent of the DNA binding ability of Proxl1.

Prox1 colocalizes with ffIb in the interrenal primordium
during embryogenesis. During embryogenesis, prox! colocal-
izes with ffla and ffIb expression domains in the trunk region.
1f1b is the earliest known marker of the interrenal primordium,
which gives rise to the adrenocortical steroidogenic cells (9).
The expression of ff1b in the presumptive interrenal primor-
dium first appeared as two bilateral patches close to the mid-
line at the 21-somite stage (Fig. S5A). By the 23-somite stage,
they converged to form a single cluster located immediately to
the right of the midline of the third somite (Fig. 5B). By the
28-somite stage, proxI could be detected in the hepatic and
interrenal primordia (Fig. 5C and D), and prox! expression at
the cluster of cells forming the intestinal primordium, which is
posterior and ventral to the interrenal organ, was initiated as
late as 48 hpf (Fig. SE). However, we were unable to locate
prox] expression in the pancreatic primordium. A cross-section
of the interrenal primordium (Fig. 5F) revealed that /b and
proxI transcripts appeared to be coexpressed within the cluster.
The fflb-expressing interrenal primordium could be easily
identified by the enzymatic activity of 3B-Hsd. 3B-Hsd was
detectable as early as 27.5 hpf, which is after the convergence
of the interrenal tissue primordia and temporally coincided
with the initiation of proxI expression. At 31 hpf, prox! expres-
sion demarcated the steroidogenic cells, as revealed by 33-Hsd
histochemical staining (Fig. 5G).

The initiation of prox! expression at interrenal tissue oc-
curred after the convergence of the left and right bilateral
interrenal primordia. We decided to investigate if proper mid-
line specification is a prerequisite for the developing interrenal
tissue to express proxI. Zebra fish mutants with various degrees
of midline defects, including no tail (ntl), floating head (flh),
and one-eyed-pinhead (oep), were examined for the expression
of both proxI and ff1b by double in situ hybridization (Fig. SH
to J). Mutations at the ntl/Brachyury locus lead to defects in
notochord (axial mesoderm) differentiation (23, 62), whereas
the notochord in flh/Xnot mutant embryos is replaced by mus-
cles (paraxial mesoderm) (24, 71). The merger of the bilateral
interrenal primordia and the colocalization of prox! and ff1b
were unperturbed in these two zebra fish mutants. In contrast,
the prox1-expressing hepatic cells located anterior to the inter-
renal tissue showed a loss of asymmetry during the process of
liver morphogenesis. Consistent with the notion that noto-
chord signaling is important for liver asymmetry (34), flh dis-
played a stronger phenotype, with the two symmetric liver
primordia failing to merge, while a partial merger of bilateral
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FIG. 5. Colocalization of proxI and ff1b at interrenal tissue in wild-type embryo and midline mutants. (A to E) Dorsal (A to C) and lateral, (D
and E) view of wild-type embryos after two-color in situ hybridization with prox! (blue) and ff1b (red) at the 21-somite stage (B), the 23-somite
stage (B), 28 hpf (C), and 48 hpf (D and E). The ff1b-expressing interrenal primordium at the 21- and 23-somite stages is denoted by an arrowhead.
Boundaries defining the first three somites are indicated in panel D. (F) A cross-section of a 31-hpf embryo at the midlevel of the interrenal
primordium after double staining of proxI (blue) and ffIb (red). (G) Lateral view of a 31-hpf embryo showing 3B-Hsd enzymatic activity
(histochemistry) and proxI expression (in situ hybridization). The yolk was manually removed. (H to J) Mutants with defects in midline
specification including no tail (ntl) (H), floating head (flh) (1), and one-eyed pinhead (oep) (J) after double in situ hybridization of prox! (blue) and
fIb (red). All panels show the trunk of the embryo and, except for panel F, are oriented with the anterior to the left. L, liver; S1 to S3, somites

1 to 3. Bar, 50 pm.

liver primordia was found in ntl. The expression patterns of
prox! in ntl and flh mutants revealed that notochord signaling
is essential for the convergence of the hepatic but not interre-
nal primordia, despite the expression of prox! in both.

0ep/EGF-CFC, the homolog of the mouse cripto and criptic
genes (83), affects the nodal signaling required for proper
specification of endoderm and midline tissues (20, 61). We
found that the bilateral interrenal tissue primordia failed to
fuse in oep mutant embryos and that two clusters of ff1b-
expressing cells remained on either side of the midline at
24 hpf. Interestingly, the colocalization of ffIb and proxl ex-
pression was not affected because the convergence of interre-
nal primordia did not take place in oep mutants. The colocal-
ization of prox! and ff1b in oep mutants, despite the perturbed
interrenal development due to defective midline signaling, fur-
ther supports the idea that a tight regulatory or biochemical
relationship exists between Prox1 and Fflb.

prox1 colocalizes with ffla at the liver and intestine with a
later onset of expression. By the 22-somite stage, ffla was
detected at the posterior endoderm, to the left of the midline.
The ffla-expressing endodermal cells first appeared as a thin,
continuous layer on the ventral side of the embryo, in close
contact with the yolk sac (Fig. 6A). They became restricted to
hepatic and intestinal primordia by the 28-somite stage. The
colocalization of prox1 in the liver primordium was first evident
at this stage (Fig. 6B and C). A sequential two-color staining
performed on an flh mutant, where the hepatic primordia
appeared bilaterally symmetrical to the midline, showed that
proxI and ffla were colocalized (Fig. 6D and E). Although the
ffla expression at the intestinal primordium started as early as
its aggregation by the 28-somite stage, proxI could be detected
only around 48 hpf.

prox1 morphants led to a milder degree of disruption at the
interrenal primordium than fIb morphants. Based on the
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FIG. 6. Colocalization of ff1a and proxI in the liver primordium.
Wild-type and flh mutant embryos were double labeled with ff7a (blue)
and proxI (red). (A) At the 22-somite stage, ff1a but not proxI was
detected at various regions of the posterior endoderm. (B and C) From
the 28-somite stage (B) to the 30-somite stage (C), ffla was expressed
at both hepatic and intestinal primordia while prox! colocalized with
ff1a at the hepatic but not the intestinal primordium. The fast red
staining of prox1 was difficult to distinguish from the strong intensity of
f1a staining. (D and E) A sequential double in situ hybridization was
performed on the flh mutant, initially with prox! (red) (D) and then
with ff1a (blue) (E), with both stains delineating the symmetric hepatic
primordia across the midline. L, liver; I, intestine. Bar, 50 pm.

colocalization of prox! with ff1b, the phenotypes of prox! and
ff1b morphants (proxIMO and ffIbMO) were compared to de-
termine if proxI and ff1b are functionally required in the de-
velopment of the interrenal organ. The effectiveness of fIbMO
and proxIMO in knocking down Fflb and Prox1 protein func-
tion was first verified. Consistent with our earlier results (9),
the Fflb-mediated transcriptional activity was markedly re-
duced in embryos coinjected with fIbMO and the ff1b expres-
sion and luciferase reporter plasmids (Fig. 7A). proxIMO was
also effective in reducing Prox1 levels, as revealed by Western
blot analysis (Fig. 7B). Antibodies raised against zebra fish
Prox1 detected three bands in the lysate. The lowest band
(~83.2 kDa) correlated with the estimated size of zebra fish
Prox1 and was specifically knocked down by proxIMO. In con-
trast, two other protein bands (>113 kDa) which reacted with
the Prox1 antibodies were quantitatively unchanged.

We have shown previously that f7bMO led to the loss of 3p-
Hsd enzymatic activity in the interrenal tissues of embryos (9).
We analyzed both proxI and ffIb morphants at 31 hpf, a stage
immediately after the initiation of prox/ and ff1b colocalization
(Fig. 8; Table 1). Injection of fIbMO (1.2 to 2.5 pmol per
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FIG. 7. ffIbMO and proxIMO inhibited protein translation in zebra
fish embryos. (A) The pLuc3xFRE luciferase reporter and the expres-
sion plasmid, pcDNA3.1-ff1b were coinjected into one-cell-stage em-
bryos, with or without f7bMO (1 pmol per embryo). pRL-CMV was
included as a normalization control. pcDNA3.1 was also coinjected
with the luciferase reporter to determine the background value. Em-
bryos (n = 5) were harvested at 14 hpf, and dual luciferase assays were
performed. The normalized luciferase activity was calculated from
three experiments. (B) prox/MO (1 pmol per embryo) was injected
into one-cell-stage embryos. Both uninjected and injected embryos
were harvested at 31 hpf for protein extraction. An aliquot (equivalent
to 30 embryos) was separated by SDS-PAGE and analyzed by Western
blotting with anti-prox! antibody. An 83.2-kDa band, which is equiva-
lent to the putative molecular mass of Prox1, was knocked down by
proxIMO, while two nonspecific high-molecular-mass bands remained
unaffected.

embryo) did not cause gross morphological aberration but re-
sulted in the complete ablation of ff1b-expressing cells in some
embryos (Table 2). The ff1b morphants had a complete reduc-
tion of 3B-Hsd enzymatic activity (Fig. 8B and E; Table 1). As
a comparison, proxIMO led to only a partial reduction of
3B-Hsd activity in a large number of embryos (Fig. 8C and F;
Table 1). However, coinjection of fIbMO and proxIMO re-
sulted in the complete loss of 33-Hsd activities (Table 1). The
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FIG. 8. Effects of fIbMO and proxIMO on the enzymatic activity of 33-Hsd. Either fIbMO or proxIMO was injected into one-cell-stage
embryos (1 pmol per embryo). Uninjected and injected embryos were fixed at 31 hpf and subjected to chromogenic staining of 3B-Hsd activity
(blue) and in situ hybridization for either proinsulin (red) (A to F) or ffIb (red) (G to L). The cluster of proinsulin-expressing cells is situated
immediately caudal to the interrenal primordium, which expresses both ff7b and 33-Hsd. Bar, 50 pm.

number of ff1b-expressing cells were partially reduced in ff1b
morphants injected at 1 pmol per embryo (Fig. 8H and K;
Table 2). No doses of fIbMO, however, perturbed endocrine
islet cells, as revealed by proinsulin expression (Fig. 8B and E).
The reduction in the number of ff1b-expressing cells by fI/bMO
is caused by the ablation of interrenal tissue or could be due to
an interruption of some unknown mechanism of ff/b autoreg-
ulation (9).

Injection of proxIMO (1.0 and 1.2 pmol) did not result in
growth or morphological defects. Neither a complete ablation
of interrenal cells nor the absence of ffIb expression was ob-
served in proxI morphants (Fig. 81 and L; Table 1). The size of

TABLE 1. Number of zebra fish larvae retaining 33-Hsd activity in
the interrenal tissues after injection with various antisense MOs

No (%) with 33-Hsd activity in

Dosage g N

MO :

injected (pmol) per interrenal tissue: n
embryo Complete loss  Partial loss ~ Wild type

f1b 1.0 212 (88.0) 10 (4.1) 19 (7.9) 241
1.2 170 (98.2) 1(0.6) 2(1.2) 173

proxl 1.0 2(1.3) 116 (73.4) 40(25.3) 158
1.2 3(3.2) 88 (93.6) 3(3.2) 94

+ prox 1.0 eac! 104 (1 1
Ib + proxl 0 each 04 (100 0(0 0(0 04
STD 1.2 0(0) 1(0.6) 160 (99.4) 161
Uninjected 1(0.5) 73.7) 181 (95.8) 189

“ STD, standard control MO.

the interrenal organ was, however, reduced, as judged by ffIb
and 3B-Hsd activity (Fig. 8I and L), albeit to a lesser extent
than in ffIb morphants. While the enzymatic activity of 33-Hsd
showed a marked decrease, the proinsulin expression appeared
to be normal in the prox! morphants (Fig. 8C and F).

Ff1b morpholino specifically downregulates proxI at inter-
renal tissue. Lower doses of fI/bMO (<1 pmol per embryo)
caused partial deletion of the interrenal primordium and left
the ff1b largely unperturbed, but proxI expression was knocked

TABLE 2. Number of ffIb-MO-injected zebra fish larvae retaining
prox] expression in the interrenal tissue

No. (%) with proxI expression‘:

MO Dosage
iniected (pmol) per Complete loss Wild type n
I embryo
Jib(+)  f1b(=)  fIb(+)  f1b(-)
b 0.8 44 (67.7)  0(0) 21(323) 0(0) 65

12 86 (48.9) 65 (36.9)
25 69 (38.1) 92 (50.8)

25(142)  0(0) 176
20(11.1)  0(0) 181

iaffla® 12 0 (0) 0 (0) 53(100) 0(0) 53
STD? 12 0(0) 0 (0) 82(100) 0(0) 82
Uninjected 0(0) 0(0)  189(100) 0(0) 189

“iaffla, the complement of the antisense sequence of ff7b-MO.

> STD, standard control MO.

¢ ffl1b(+) denotes no or minimal reduction of ffIb transcripts at interrenal
tissue; ffI1b(—) denotes significant or total reduction of ff7b transcripts at inter-
renal tissue.
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FIG. 9. ffibMO perturbs prox1 expression at the interrenal organ but not the liver. Either STDMO (B and E) or ffIbMO (C and F) was injected
into wild-type (A to F) and oep (G and H) embryos at the one-cell stage (0.8 pmol per embryo). Uninjected and injected embryos were fixed at
31 hpf, and in situ hybridization was carried out using prox! (blue) and ffIb (red) as probes. The apparently strong liver prox! staining in the
fl1bMO-injected embryo (C and F) resulted from our effort to highlight the thin layer of ffIb-expressing cells. Bar, 50 pm.

down completely in >67.7% of injected embryos (Fig. 9C and
F; Table 2). Furthermore, proxI expression was never observed
in ffIb morphants that were defective in ffIb (Table 2). The
down-regulation of proxl expression by ffIbMO was highly
specific, since proxl expression in the liver and other tissues
including the anterior neural plate and retina remained un-
changed. In oep mutants, where the bilateral interrenal pri-
mordia failed to merge, fIbMO (0.8 pmol) also led to a com-
plete absence of proxI expression without affecting the size of
interrenal primordia significantly (Fig. 9G and H). Based on
the proxI down-regulation by ffIbMO in the wild type and oep
mutants, we speculate that a close regulatory relationship be-
tween ff1b and prox1 exists in interrenal development.

DISCUSSION

The polarized expression of Prox1 is pivotal for the specifi-
cation of the lymphatic fate and subsequent development of
the lymphatic vasculature in mice (77, 78). More importantly,
human PROXI1 has been identified as a master regulator that
could promote a lymphatic endothelial phenotype by overrid-
ing the default blood vasculature phenotype (29, 55). Mice
lacking Prox! also display defects in lens fiber elongation and
hepatocyte migration in the embryonic liver (67, 76). The mo-
lecular mechanisms responsible for the developmental func-
tions of ProxI have not been elucidated. It is probable that
many of these developmental effects are dependent on the
ability of Prox1 to transactivate downstream target genes such
as +y-crystallin (37). Recently, we discovered that zebra fish
Prox1 could act as a novel NR coactivator partner of TRs and
RARs (15); this added a new dimension to the regulatory
repertoire of Prox1. We further extend the repertoire of Prox1
here to include an ability to disrupt interrenal development by
acting as a novel coregulator of Fflb.

Prox1 expression in the interrenal primordium. Prox/ ex-
pression in mammals is consistent with a bipotential precursor

cell fate for the pancreas and liver (5, 14). The expression of
proxI in the liver is conserved throughout the vertebrates,
including mice (5, 50), humans (84), and zebra fish. However,
although prox1 is detected in mouse pancreatic precursors, as
visualized by LacZ staining (5), we are unable to establish its
pancreatic expression in zebra fish by using in situ hybridiza-
tion. Thus, proxI expression in early zebra fish endoderm might
be restricted only to the liver precursors. Also, we should not
discount the possibility that proxI expression is too weak to be
detected by in situ hybridization and that a lineage-tracing
approach is required. More importantly, we report here for the
first time that proxI is coexpressed with Ff1b in the zebra fish
interrenal organ several hours after its initial specification. The
expression of prox! in the mammalian fetal adrenal remains to
be established.

The initiation of prox! colocalization with ffIb in the inter-
renal cells coincides with the rapid accumulation of 3B-Hsd
enzymatic activity, which suggests that they might have differ-
entiated or are committed to a steroidogenic fate. The rela-
tively late expression of proxI in the interrenal organ, which
also lags behind ffla expression in the liver, appears to rule out
a functional role in the initiation or specification of the inter-
renal primordium. Similarly to its role in the maturation and
terminal differentiation of slow skeletal fibers (58), Prox1 prob-
ably functions at a rather late stage of initiation or maturation
in the interrenal. Since the “knockdown” Prox1 activity does
not lead to a complete loss of 33-Hsd activity, Prox1 is unlikely
to mediate or act immediately downstream of Fflb. In the ubo
phenotype, interrenal development appears not to be affected
or show any osmoregulatory defects. It appears that a signaling
pathway distinct from the Shh pathway identified in the ubo
phenotype (58) is responsible for activating the expression of
proxI in the interrenal primordium, which, incidentally, shares
a mesodermal origin with skeletal muscles.

Prox1 interaction with Fflb. While the vast majority of NR
coregulators are structurally diverse, they nevertheless have a
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recurring structural feature, an o-helical LXXLL motif that is
used to interact with NRs (28). Prox1 interaction with Ff1b is
also dependent on such an LXXLL motif, LRKLL, which
forms part of NR box I. However, NR box II must also be
mutated for Proxl to lose the ability to interact with Fflb.
What is unusual is that an intact second IXXLL motif (ISQLL)
is absolutely required for the ligand-dependent recruitment by
RARs and TRs (15), while NR box III retains absolutely no
activity. Such divergent properties of NR boxes within a single
coregulator have never been previously reported. The differ-
ential requirement for the heptad 9 and AF2 domains among
the three zebra fish Ffls is also intriguing. Interaction of Fflb
and Fflc with Prox1 requires intact AF2 and heptad 9 domains,
which is clearly different from the requirement of Ffla: an
intact heptad 9 domain more than an intact AF2 domain. Thus,
unlike what has been demonstrated for Ffla with human
SRC-1 (41), only in Fflb is there a strict requirement for the
heptad 9 domain for interaction with ProxI1.

Prox1 is a corepressor of Fflb. Although Ff1b is crucial for
the specification of the interrenal primordium and initiation of
steroidogenesis (9), overexpression of Fflb during early ze-
bra fish embryogenesis does not lead to the appearance of
ectopic steroidogenic cells, as judged by 3B-Hsd activity (data
not shown). In murine embryonic stem cells, however, SF-1
overexpression confers a steroidogenic fate (11). It appears
that the recruitment of specific coregulators by zebra fish Ff1b
might be required for the induction and specification of the
interrenal organ. Besides the well-characterized interactions
with DAX-1 and WT-1 (12, 47), many other transcriptional
activators like Egr-1, Ptx1, GATA4, USF, TReP-132, DEAD
box protein DP103, and SOX9 could functionally modulate
SF-1 (13, 17, 26, 36, 51, 64, 65, 72, 73). In gonadotrophs, for
instance, Egr-1 synergizes with SF-1 to regulate the 3 subunit
of lutenizing hormone while Ptx1 acts in concert with SF-1 and
Pitl to regulate the Lim-homeodomain gene, Lim3/Lhx3 (36,
72).

Consistent with the view that an intricate relationship exists
between Prox1l and Fflb, proxI morphants display defective
differentiation of the interrenal cells as judged by the loss of
3B-Hsd activity and ff1b expression, while in ffIb morphants,
prox] is not expressed and the entire interrenal is ablated (9).
What is intriguing is that the knock down of Prox1 did not lead
to an increase or expansion of the interrenal ff1b expression in
proxI morphants. This would have been consistent with the
ability of Prox1 to repress the transcriptional activity of Fflb,
as described in this paper. The failure to find such a direct
correlation indicates that a complex interaction exists between
Prox1 and Fflb in the interrenal primordium. We favor the
existence of multiple levels of regulatory interaction between
Prox1 and Fflb, which are likely to extend beyond the core-
pressor role that we have described for Proxl on Fflb. The
down-regulation of proxI expression in ff/b morphants rein-
forces this notion and suggests that Fflb could act either di-
rectly to regulate the transcription of prox! in the interrenal
primordium or indirectly due to the destruction of interrenal
precursor cells brought about by the loss of Ff1b functions.

The physical interaction between zebra fish Prox1 and Fflb
and the subsequent formation of a complex that could repress
Fflb-mediated transcriptional activity suggest that the down-
regulation of specific Fflb-responsive genes may be an integral
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part of the differentiation of the zebra fish interrenal organ.
These downstream target genes might be involved in the in-
duction, proliferation, or even apoptosis of early interrenal
cells (32, 53). A putative FRE has been identified in the pro-
moter of the zebra fish ffIb gene (Chai and Chan, unpub-
lished), suggesting that Fflb expression could be autoregu-
lated, which has also been demonstrated for the mammalian
SF-1 (48). Thus, the down-regulation of ff/b expression by the
Prox1-Ff1b repressor complex might also conceivably serve as
a means of interfering with the autoregulation of ff7b and
allowing the final maturation and acquisition of steroidogenic
capacity by the interrenal cells.

Besides DAX-1 and Prox1, RIP 140 is also a corepressor for
SF-1 in the adrenal (68). The relationships among all three
corepressors are, however, unclear. Since DAX-1 serves as an
adaptor in recruiting the N-CoR corepressor complex to SF1
(12), it remains to be seen if Proxl could similarly recruit
corepressor complexes containing N-CoR or histone deacety-
lase complexes to Ff1b and cause the subsequent displacement
of coactivator complexes. Another aspect that requires careful
consideration is that with the knock down of Prox1 functions in
proxI morphants, Dax-1 or RIP 140 could replace Prox1 as the
predominant interacting partner and exert an even greater
inhibitory effect on the Fflb-mediated transcriptional activity,
leading to a decrease of ff1b and 3B-hsd expression. The dis-
ruption of Dax-1 and RIP 140 functions in the zebra fish in-
terrenal organ would therefore be important for the further
elucidation of the functional roles of Prox1.

Role of Proxl as a transcription factor. As a sequence-
specific transcription factor, Prox1 could also activate down-
stream target genes that might play a role in interrenal devel-
opment. The homeodomain is very highly conserved in the
vertebrate Prox1 and Drosophila prospero. However, zebra fish
Prox1 did not bind the Drosophila prospero binding site or the
Prox1-responsive element identified in the murine +y-crystallin
promoter (27, 37) in our hands (data not shown). The deter-
mination of the putative binding motif of Prox1 will not only
serve to further our understanding of the gene expression
regulatory network coordinated by Prox1 but will also facilitate
the search for putative transcription units which might harbor
adjacent DNA binding sites for Ffl and Proxl.

While the impact of the Prox1-Ff1b corepressor complex has
not been fully determined and specific target genes that are
repressed in the interrenal organ have not been identified, it is
tempting to speculate that the formation of this repressor com-
plex is essential to bring about the terminal differentiation of
the adrenocortical cells in the zebra fish interrenal organ. The
involvement of transcription repression in order for NRs to
exert developmental functions is not without precedent. For
instance, Hairless, which is a corepressor for TRs, is required
for hair follicle development (56), while the Drosophila TIF1
homologue, bonus, which forms a corepressor complex with
Ftz-F1B, is required for numerous events in metamorphosis
including leg elongation, bristle development, and pigmenta-
tion (4). The relatively uncomplicated morphological organi-
zation of the zebra fish interrenal organ will allow us to for-
mulate a more precise definition of the developmental
blueprint that governs the specification and fate of the steroi-
dogenic cells.
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